Cytomegalovirus (CMV) infection in healthy individuals is usually asymptomatic and results in latent infection. CMV reactivation occasionally occurs in healthy individuals according to their immune status over time. T cell responses to CMV are restricted to a limited number of immunodominant epitopes, as compared to responses to other chronic or persistent viruses. This response results in progressive, prolonged expansion of CMV-specific CD8 ＋ T cells, termed 'memory inflation'. The expanded CMVspecific CD8
INTRODUCTION
During viral infection, T cells recognize viral epitopes and undergo proliferative expansion. Following elimination of virus, the virus-specific T cell population progressively contracts, and a small population of memory T cells is preserved. However, after infection with cytomegalovirus (CMV), a ubiquitous β-herpesvirus, the virus-specific CD8
＋ T cell population is maintained, and it accumulates at a high frequency, acquiring a phenotype of effector memory cells (1) (2) (3) (4) . Although primary CMV infection is usually asymptomatic in healthy individuals, its resolution does not result in complete elimination of the virus from the host. Instead, CMV persists latently in the host, and the latent virus is reactivated according to the immune status of the host (5) . Consequently, the CMV-specific CD8
＋ T cell population is boosted by repeated reactivation of CMV over a lifetime, and its size becomes extraordinarily large, often reaching 20% of total CD8
＋ T cells (6) (7) (8) . Most of these T cells are functional, and their populations are maintained throughout the life of the host. This phenomenon of gradual increase in CMV-specific CD8 ＋ T cell population over time is known as memory inflation (1,2,9,10). Although inflationary CD4
＋ T cells have also been observed, their responses are less exaggerated (11) . This peculiar nature of the CMV-specific CD8
＋ T cell population in the elderly has been considered to be related to senescence in the T cell population. Here, we review the general features of CMV-specific memory T cell inflation. In particular, we focus on the factors that contribute to memory T cell inflation in CMV infection and its potential adverse effects in the elderly.
CHARACTERISTICS OF INFLATIONARY MEMORY T CELLS

Inflationary memory CD8
＋ T cells are characterized by an effector memory phenotype in mice, humans, and other primates, whereas non-inflationary memory T cells have a typical phenotype of central memory during the latent phase of the infection (1) (2) (3) (4) . Inflationary memory CD8 ＋ T cells generally express low levels of lymph node homing markers, such as CD62L and CCR7, and accumulate in non-lymphoid peripheral organs. They also display reduced expression of co-stimulatory receptors such as CD28 and CD27 (1, 3) , and express large amounts of inhibitory receptors such as KLRG-1 and CD85j in mice and humans, respectively (10,12), but they do not express PD-1 (3, 13) . Despite the chronic latent nature of CMV infection, inflationary CD8 ＋ T cells are proliferative and are capable of producing effector cytokines such as IFN-γ and TNF-α, and maintain cytotoxicity. These functional features are contrary to those of the exhausted T cells observed in other chronic persistent viral infections (3, 14) . Although inflationary memory T cells possess a terminally differentiated phenotype, they can constantly turnover and respond to viral reactivation (15) .
There was an issue of whether inflationary CMV-specific CD8
＋ T cells are a polyclonal or an oligoclonal population with restricted T cell receptor (TCR) usage. MHC class I tetramer-positive populations using Vβ8.1 or Vβ 8.2 TCR chain increased in latent murine CMV (MCMV) infection (10) . Similarly, in humans, CMV-specific CD8 ＋ T cells are restricted in TCR diversity (16) . In this regard, it is considered that T cells with high affinity for CMV epitopes are preferentially selected during acute infection, and they continuously retain their clonal dominance (17) .
FACTORS INVOLVED IN MEMORY T CELL INFLATION
Repetitive antigen exposure One of the main causative factors that originated the notion of memory T cell inflation is the presence of repetitive antigen exposure, which was primarily investigated using murine models (18, 19) . It was demonstrated that MCMVdriven T cells that were transferred to naïve mice failed to divide, suggesting the requirement of antigen stimulation for memory inflation (3). Inflationary T cells are short-lived, with a half-life of approximately 40∼50 days, and exhibit a slow turnover rate through antigen exposure. Cells that are primed early in infection may proliferate and maintain the inflationary T cell population. However, it was reported that naïve precursor cells could also be primed when adoptively transferred to latently infected mice and recruited to the inflationary T cell pool (3). Overall, it is concluded that both naïve precursor cells and memory cells may contribute to the inflating memory cell population over time. Recently, a study showed that low dose infection of MCMV severely hampered the accumulation of inflationary memory T cells, suggesting that the dose of viral inoculum influences the magnitude of memory inflation (20) .
Antigen presentation
For memory inflation, the manner of antigen processing and presentation might be also important. CMV is well known for its ability to evade CD8 ＋ T cell responses by interfering with antigen processing and presentation of MHC class I pathways in the infected cells. However, robust CD8
＋ T cell responses are observed in CMV-infected hosts (21) (22) (23) . This suggests that CMV-specific CD8 ＋ T cells are primed by cross-presentation of CMV antigens by non-infected professional antigen-presenting cells (24) . Interestingly, it was observed that the inflationary response was triggered through antigen presentation by non-hematopoietic cells in lymph nodes at a latent stage of MCMV infection (25) . Following expansion in lymph nodes, CD8 ＋ T cells move to non-lymphoid peripheral tissues, where they undergo terminal differentiation and accumulate. However, it was recently reported that inflationary T cell populations are primarily generated by exposure to antigens in blood circulation, suggesting a novel mechanism of MCMV-driven memory inflation (15).
Co-stimulation and cytokines
In addition to TCR stimulation, co-stimulatory molecules and inflammatory cytokines are profoundly involved in effector and memory CD8 ＋ T cell responses (26) . The main co-stimulatory receptor for T cells is CD28. However, terminally differentiated CD8
＋ T cells lose their ability to express CD28. As a result, CD28 does not participate as a T cell co-stimulatory receptor during chronic latent infection (27) . Instead, other co-stimulatory receptors such as 4-1BB and OX40 are expressed on T cells after antigen-driven T cell activation, and they contribute to MCMVspecific T cell inflation (28, 29) . Furthermore, use of a bone marrow chimeric mouse model demonstrates that the CMV-specific inflationary T cell response depends on IL-2. In addition, secondary expansion is engendered by
CD8
＋ T cell-derived autocrine IL-2 but not by CD4 ＋ T cell-or dendritic cell-generated IL-2 (30, 31) . IL-7 and IL-15, which are important cytokines for homeostatic proliferation of memory CD8 ＋ T cells, may affect the proliferation of HCMV-specific T cells (32) , but their pivotal role in memory T cell inflation remains to be elucidated. IL-10 was shown to clearly inhibit the inflation of T cells in the chronic phase of MCMV infection, but the specific molecular mechanism is still unknown (33) .
CMV, MEMORY INFLATION AND T CELL SENESCENCE
Asymptomatic human CMV (HCMV) infection is present in most of the human population, and T cell response to HCMV is sustained and amplified over time. Consequently, the HCMV-specific T cell population acquires dominance in the peripheral blood of healthy elderly hosts. Among the total CD8
＋ T cell population in elderly individuals, approximately 20% is specific to pp65, a dominant HCMV antigen (7) . The expansion of HCMV-specific T cells in the elderly has been implicated in relation to immunosenescence. The concept of immunosenescence was first used to describe the age-associated deterioration of immune functions, characterized by functional and phenotypic changes at both cellular and systemic levels (34, 35) . Although it is unclear whether HCMV is the main causative agent of systemic immunosenescence, HCMV is one of the most important antigens that induce repetitive T cell stimulation, which is a powerful driving factor of immunosenescence (36, 37) . In addition, HCMV-specific inflationary T cells possess rather similar phenotypic and functional features to those of replicative senescent T cells. In the elderly, a majority of HCMV-specific CD8 ＋ T cells are CD45RA ＋ effector memory cells, representing the typical phenotypic feature of terminally differentiated, replicative senescent T cells that gain CD57 and lose CD28, CCR7, and IL-7Rα expression (38) (39) (40) . The CD45RA ＋ effector memory cell population gradually expands with age and comprises more than half of the total memory CD8 ＋ T cell population, even in healthy elderly individuals (38) . Considering the oligoclonality of these cells along with shortened telomere length due to extensive cell division, frequently encountered antigens, such as latent or persistent chronic viruses, are considered as major contributors to the expansion of CD45RA ＋ effector memory T cells (36) . Among these viruses, CMV has been extensively investigated in the context of immunosenescence (7, (41) (42) (43) .
The clinical significance of HCMV-specific T cell inflation with ageing is supported only by circumstantial evidence. CMV seropositivity and the clonal expansion of CMV-specific CD8 ＋ T cells were identified as the major immune risk phenotype (IRP) in a longitudinal study in the elderly (44) . In addition, latent HCMV infection has been associated with reduction in life span (7, 45) , acceleration of tumor growth (46, 47) and occurrence of cardiovascular diseases (48) . Further studies are necessary to understand the role of memory T cell inflation in health and diseases, particularly in the senior population.
Conclusions and prospects
'Memory inflation' is a term describing progressive expansion of virus-specific CD8 ＋ T cells, particularly in the context of chronic latent CMV infection. The expanded CMV-specific CD8
＋ T cell population is extraordinarily large and is more prominent in the elderly. Inflationary CD8 ＋ T cells possess rather similar phenotypic and functional features to those of replicative senescent T cells. Until now, the detailed nature of CMV-specific T cell responses has been explored mainly using mouse models. However, there is a concern for the discrepancies of longevity and genetic backgrounds between mice and humans, which result in an incomplete picture for elucidating CMV-specific T cell responses and immunosenescence. Non-human primates share closer developmental and evolutionary relationships to humans. Therefore, non-human primates may be a more suitable alternative as CMV animal models to understand memory T cell inflation (49) . Moreover, it is necessary to dissect the roles and characteristics of inflationary T cells induced by HCMV infection. The mechanism by which inflationary T cells contribute to the pathogenesis of geriatric diseases requires further investigation. nology (KAIST) Future Systems Healthcare Project, which is funded by the Ministry of Science, ICT and Future Planning of Korea.
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